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Sulfur isotope ratios of sulfide minerals in the ore specimens from the deposit of the Tsuchikura mine are distrib-
uted in a range from -0.8 to +5.4%0, mostly from +0.5 to 3.0%0, close to the previous data (from + I to +3%0) by
Miyake and Sasaki (1980). The distribution range is also similar to the major Besshi-type deposits of the Sambagawa
terrain. Sulfur isotope fractionation between coexisting pyrite and chaicopyrite is not uniform. This may be largely
due to spatial rearrangement of the initial orebodies to the present form. Sulfide minerals mostly pyrite from host
rocks (siltstones, sandstones, basaltic rocks) exhibit remarkably low i)34S values ranging from -49.3 to -2.6%0, dis-
tinctly different from the i)34S values for sulfide minerals of ores. The low i)34S values may indicate the bacteriogenic
origin of host rock sulfides, although it seems peculiar that basaltic rocks also have extremely low i)34S values.
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I. Introduction
There are now a large number of sulfur isotope data avail-
able for sulfide minerals of the Besshi-type deposits, as com-
piled by Sato and Kase (1996). The deposit of the Tsuchikura
mine in the Tamba-Mino Belt is of Besshi-type, but differ-
ent from the typical Besshi-type deposits in the Sambagawa
Belt in that it occurs in a non-metamorphosed, chert-domi-
nated sequence and is not tabular in form. We are now in the
course of mineralogical and geochemical studies of the
Tsuchikura deposit. The present paper is a part of the stud-
ies and reports sulfur isotope ratios of ores and host rocks,
and also sulfur isotope fractionation between coexisting py-
rite and chalcopyrite. Miyake and Sasaki (1980) determined
sulfur isotope ratios of sulfide minerals from the Tsuchikura
deposit and found that the variation range for 16 samples
was very narrow, from +1 to +3%0. The present results will
be comparatively discussed with their results.
11. Brief description of the deposit
The deposit of the Tsuchikura mine, located near Lake
Biwa, occurs in an Early Jurassic non-metamorphosed ac-
cretionary complex that contains basaltic volcanic rocks,
probably of Carboniferous age, and Carboniferous to Trias-
sic chert (Sato and Kase, 1996). The Tsuchikura deposit con-
sists of three deposits: the Eastern, Middle and Western de-
posits. Each deposit consists of a number of lenticular or
fusiform orebodies (Hatanaka, 1965). The size of the
orebodies is very variable, ranging from pebble to 20,000
tons (Nakamura and Asano, 1967).
Ores consist mainly of fine-grained pyrite, although in
some specimens the grain size reaches 0.2 mm. The grain is
usually euhedral to subhedral in shape and often fractured.
Fragmental pyrite ores are very common. Colloform pyrite
is frequently observed. Chalcopyrite and sphalerite fill the
interstices of pyrite grains. In the Eastern deposit that is Cu-
rich compared to the Middle and Western deposits, some
ores consist mainly of chalcopyrite with lesser amounts of
pyrite. Bornite sometimes occurs in such Cu-rich ores.
Ill. Sample preparation
Pyrite and chalcopyrite powders were scraped from the
ore specimens using a micro-grinder. They were mixed with
vanadium pentaoxide and silica and heated to prepare sul-
fur dioxide gas for mass spectrometry. The procedure was
essentially the same as that ofYanagisawa and Sakai (1983),
except that we used sulfide powders directly instead of
barium sulfate. Host rocks that contain around 1 vol. % of
sulfide minerals (mainly pyrite) were analyzed for their sul-
fur isotope ratios. Sulfur dioxide gases from the host rocks
were prepared by heating mixtures of finely ground rock
samples and vanadium pentaoxide. Sulfur isotope ratios were
determined at the Central Research Institute of Mitsubishi
Material Co. Ltd.
The results are given in 834S value defined:
where Rx and RcoT are 3
4Sp2S ratios of a sample and the
standard (Canyon Diablo Troilite), respectively.
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Table 1. Sulfur isotope ratios of sulfide minerals from ores
Sample No. Mineral 8'4S (permil) tl. '4S py .,p* Location Abundance
I) From the Eastern deposit
TS-283 py +2.7 Upper 6th L py>ep>sp
TS-296 py - 0.8 - 1.7 Upper 5th L ep>py»sp
ep +0.9
TS-114 ep + 1.9 Upper 4th L ep>py
TS-I09 py + 1.7 Upper 4th L py>ep
TS-91 py +3.6 Upper 3rd L py»ep
TS-117 py +0.2 - 0.9 Upper 3rd L py=ep»sp
ep + 1.1
TS-263 py +3.0 - 2.4 Upper 3rd L py=ep»sp
ep +5.4
TS-246 ep + 1.1 Upper 3rd L ep>sp
TS-232 py +1.1 +0.2 Upper 2nd L py>ep»sp
ep +0.9
TS-118 py +2.1 +0.4 Upper 1st L py=ep=sp
ep + 1.7
TS-I py +2.5 AditL py»ep=sp
TS-52 py + 1.5 - 0.5 AditL py>ep»sp
ep +2.0
TS-60 py + 1.6 - 0.5 Lower 1st L py>ep
ep +2.1
TS-260 py +2.0 +1.1 Lower 1st L py>ep»sp
ep +0.9
TS-79 py - 0.4 - 1.8 Lower 1st L py=ep»sp
ep + 1.4
TS-249 ep +0.7 Lower 4th L ep>sp
TS-251 ep - 0.7 Lower 4th L ep»py=sp
TS-295 ep + 1.6 Lower 4th L ep»py=sp
2) From the Middle deposit
TS-272 py + 1.5 Upper 3rd L py»sp>ep
TS-278 py + 1.6 Upper 2nd L py=ep
TS-265 py +2.8 AditL py»ep»sp
TS-266 py +2.2 AditL py»sp>ep
3) From the Western deposit
TS-68 py +2.5 Upper 8th L py»ep
TS-I72 py +0.8 Upper 2nd L py>ep
TS-173 py +2.7 Upper 2nd L py»ep
TS-174 py +2.3 Upper 2nd L py»ep>sp
TS-I7R ep + 1.3 Upper 1st L ppep
TS-185 py +2.5 Upper 1st L py»ep>sp
TS-198 py +2.1 +0.2 Upper 1st L py=ep»sp
ep +1.9
TS-144 py +2.3 AditL py
TS-14 py + 1.1 +0.4 AditL py>ep
ep +0.7
Abbreviations are py: pyrite, ep: ehalcopyrite, and sp: sphalerite.
*tl.'4S py .,p = 8 '4Spy _ 8 '4S,p
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IV. Results and discussion
1. Sulfur isotope ratios of sulfide minerals from ore
specimens
Sulfur isotope ratios of pyrite and chalcopyrite from ores
are given in Table 1, and shown in Fig. 1, together with the
previous results by Miyake and Sasaki (1980). The ()34S val-
ues of pyrite and chalcopyrite from the Tsuchikura deposit
in the present study range from -0.8 to +5.4%0, mostly in a
range from +0.5 to +3.0%0, similar to the range (from +1 to
+3%0) obtained by Miyake and Sasaki (1980). Sato and Kase
(1996) classified the Besshi-type deposits in Japan into two
groups according to the suIfur isotope distribution: Group A
of deposits that have narrow ranges of sulfur isotope ratios
(0 to +5%0) and Group B of deposits that have wide ranges
of suifur isotope ratios with averages of +5 to +10%0. The
major deposits in the Sambagawa terrain were classified into
Group A. Based on the data of Miyake and Sasaki (1980),
the Tsuchikura deposit was also classified into Group A. The
present results confirm their conclusion.
As shown in Fig. 1, the distribution range of the Eastern
deposit seems to be somewhat wider than the Western and
Middle deposits. However, considering the difference in
number of determinations for the deposits, it is not apparent
whether or not the difference in isotope distribution reflects
the possible difference in genetic conditions.
No systematic suifur isotope distribution can be found
2. Sulfur isotope fractionation between pyrite and chat-
copyrite
Sulfur isotope fractionation between pyrite and chalcopy-
rite was determined for 11 ore specimens. The fractionation
is not uniform. Of 11 pairs, 5 pairs show the normal frac-
tionation (that means the ()34S value of pyrite is higher than
that of chalcopyrite), whereas 6 pairs show the reverse frac-
tionation (Table 1).
Yamamoto et al. (1983, 1984) observed the normal and
uniform fractionation between pyrite and chalcopyrite in the
Besshi deposit and the Hitachi deposit. They attributed the
uniform fractionation to initial deposition of pyrite and chal-
copyrite in or near isotope equilibrium rather than to iso-
tope equilibration during metamorphism. On the contrary,
in their sulfur isotope study of Besshi-type deposits of vari-
ous metamorphic grades, Watanabe et al. (1997) found that
sulfur isotope fractionation between pyrite and chalcopyrite
is more uniform in highly metamorphosed deposits than in
weakly metamorphosed deposits and concluded that uniform
fractionation is produced by the isotopic re-equilibration or
homogenization during metamorphism.
In the present case of the Tsuchikura deposit in non-meta-
morphosed rocks, the isotope disequilibrium between py-
rite and chalcopyrite may be due either to original deposi-
tion in isotope disequilibrium, or to later modifications. The
sulfide samples from the Galapagos Rift show the isotope
equilibrium between pyrite and chalcopyrite (Skirrow and
Coleman, 1982). The EPR 21 oN sulfides also show close
attainment of isotope equilibrium (Arnold and Sheppard,
1981). The original orebodies of the Tsuchikura deposit most
probably has been considerably restructured to form the
present deposit consisting of a number of lenticular
orebodies. Therefore, taking into account the isotope data
for the present submarine deposits above cited, we prefer
the view that the disequilibrium between pyrite and chal-
copyrite in the Tsuchikura deposit is not the initial one, but
largely due to changes in spatial arrangement of ores during
restructuring.
with reference to the vertical and horizontal locations of the
samples. Further, no apparent relationship between the ()34S
values and modes of occurrence of sulfide minerals can be
recognized.
The distribution range in the Tsuchikura deposit is simi-
lar to the ranges of sulfide samples from the EPR at 21 oN
(from +0.7 to +4.5%0) (Hekinian et al., 1980; Arnold and
Sheppard, 1981; Zierenberg et al., 1984) and the Juan de
Fuca Ridge (from +1.4 to +5.7%0) (Shanks et al., 1984;
Shanks and Seyfried, 1987). This may indicate that also in
the Tsuchikura deposit, seawater suIfate contributed to the
sulfide minerals, although at the present state of knowledge
the extent of the contribution can not be quantitatively esti-
mated.
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Fig. 1 Histograms showing the distribution of sulfur iso-
topes in the Tsuchikura deposit. (a) Miyake and Sasaki
(1980), (b) present study.
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Table 2. SuIfur isotope ratios of host rocks
Sample No. cS'·S (permi I) Location Rock type Content of
sulfide (vol. %)
TS-158 -2.6 Western, upper 8th L Siltstone 1%
TS-134 -49.3 Eastern, upper 3rd L Siltstone 1%
TS-191 -6.4 Western, upper 1st L Sandstone 1%
TS-258 -20.4 Western, upper 1st L Sandstone 1%
TS-115 -3.0 Eastern, upper 1st L Sandstone 1%
TS-313 -5.9 Eastern, adit L Sandstone 2%
TS-I03 -45.3 Eastern, lower 4th L Basaltic rock 5%
TS-95 -25.3 Eastern, lower 4th L Basaltic rock 1%
3. Sulfur isotope ratios of sulfide minerals from rock
specimens
Sulfide minerals (mainly pyrite with subordinate chal-
copyrite) dispersed in si ltstones, sandstones and basaltic
rocks distributed near the orebodies were analyzed for their
sulfur isotope ratios and the results are given in Table 2.
Cherts that contain significant amounts of sulfide minerals
are regarded as low-grade ores and their data are included
in Table I. We attempted to analyze chert samples in which
sulfide minerals are not easily visible in the naked eye, but
after all analyzed no chert samples hecause selected speci-
mens were all too low content of sulfide minerals to apply
the present preparation method.The obtained O)4S values are
all negative and in a range from -49.3 to -2.6%0, and com-
pletely different from ore samples. In siltstones and sand-
stones pyrite grains are usually less than 10 flm in size, and
often occur as framboidal aggregates (in TS-158, TS-134
and TS-258). Subhedral and anhedral pyrite grains of 50 to
100 flm in size may also occur in the same specimen. In
basaltic rocks pyrite occurs as subhedral and anhedral grains
with sizes of 20 to 600 flm. In TS-I 03, pyrrhotite also oc-
curs. No distinct relationship can be found between the O)4S
values and the modes of occurrence.
Such low O)4S values reaching -50%0 have often been
observed in the sediments on the seatloors of various locali-
ties (Sakai and Matsuhisa, 1996) and may not be so surpris-
ing. The low 034S values found in the siltstones and sand-
stones may indicate the sulfides were derived from the bac-
terial reduction of sulfate. If the 034S value of sui fate is as-
sumed to be about 20%0, the present minimum value means
fractionation must be almost 70%0. Such a large fraction-
ation may not have been attained by only one single step of
bacterial reduction of sui fate, although Sakai and Matsuhisa
(1996) suggested such a large fractionation is possible in a
favorable condition. It is quite strange that sulfide minerals
from basaltic rocks have also very low values, comparable
to the O,4S values of siltstones and sandstones. Ridge basalts
usually have suifur isotope ratios around I%0 or so. The sul-
fides in the present samples may have been migrated from
the nearby sediments. More detailed discussion will be done
in near future, when sulfur isotope data are obtained for rock
specimens of low suifur contents.
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